Environmental pollutants including halogenated and polycyclic aromatic hydrocarbons activate the aryl hydrocarbon receptor (AhR) and thereby cause a wide range of pathological changes. Development of AhR antagonists will be useful for prevention and treatment of diseases related to AhR activation. Towards this end, we aimed in the present study at seeking for potential inhibitors of the AhR pathway in mycelial extracts using the dioxin responsive element-based sensing via secreted alkaline phosphatase (DRESSA). Through the screening of 13 mycelia, extracts prepared from Phellinus linteus, Cordyceps militaris and Hericium erinaceum inhibited activation of AhR by 2,3,7,8-tetrachlorodibenzo-p-dioxin, benzo[a]pyrene or 3-methylcholanthrene. Subsequent studies revealed that only Phellinus linteus suppressed activation of AhR and AhR-dependent gene expression triggered by all of these agonists. Cigarette smoke is known to contain a number of halogenated and polycyclic aromatic hydrocarbons. We found that Phellinus linteus has the potential to block activation of AhR and AhRdependent gene expression triggered by cigarette smoke. Furthermore, the inhibitory effect of Phellinus linteus on the AhR pathway was independent of; 1) depression of AhR or AhR nuclear translocator, and 2) induction of AhR repressor. We conclude that Phellinus linteus contains potent inhibitor(s) of AhR activation and may be useful for prevention of pathologies associated with aberrant activation of AhR.
Foods, water and air are often contaminated by dioxins and dioxin-like chemicals such as polycyclic aromatic hydrocarbon (PAH), which are taken mainly through ingestion and respiration in humans. These ubiquitous environmental pollutants cause a wide spectrum of toxicological effects in mammals, including carcinogenicity, immunotoxicity, endocrine dysregulation, and reproductive/developmental abnormalities. 1, 2) Recently, we reported that cigarette smoke has high levels of dioxin-like potential that triggers a signaling pathway activated by dioxins and PAH. 3) Using reporter transgenic mice, we also provided in vivo evidence that exposure of mice to cigarette smoke causes significant, sustained activation of aryl hydrocarbon receptor (AhR) in mammals. 3, 4) Most of toxic effects of dioxins and PAH are mediated by the AhR, a ligand-dependent transcription factor. 5) When cells are exposed to these substances, the AhR ligands pass through the cell membrane and bind to the cytosolic AhR. Subsequently, the ligand-AhR complex translocates into the nucleus and is heterodimerized with the AhR nuclear translocator (ARNT). These AhR/ARNT complexes then bind to the dioxin responsive element (DRE), leading to transcriptional induction of target genes including cytochrome P450 1A1 (CYP1A1).
6) The AhR repressor (AhRR) is one of the target genes for AhR/ARNT. AhR and AhRR, therefore, constitute a negative feedback loop of the dioxin pathway, where the AhRR induced by AhR/ARNT, in turn, inhibits the function of AhR. 7) Previous reports using AhR-null mutant mice revealed critical roles of AhR in the toxic effects of dioxins and PAH. [8] [9] [10] Furthermore, constitutive activation of AhR via genetic manipulation causes tumorigenesis and immune abnormalities in mice even without exposure to xenobiotic ligands. [11] [12] [13] [14] Savouret et al. also indicated that activation of AhR by xenobiotic ligands may be a trigger for atherosclerosis. 15) Of note, cigarette smoke, a strong activator of AhR, 3, 4) is one of the most famous risk factors for cancers, inflammation and cardiovascular diseases. Based on this current knowledge, development of AhR antagonists may be useful for prevention and treatment of diseases associated with aberrant activation of AhR. 16) In the present investigation, we aimed at seeking for AhR antagonists in mycelial extracts. Previous studies showed that mycelia contain bioactive substances that modulate various cell functions. For example, certain mycelial extracts have stimulatory actions on immune responsiveness; e.g., activation of mononuclear cells and expression of cytokines and their cognate receptors. 17) For the screening of inhibitors of AhR activation, we used the DRE-based sensing via secreted alkaline phosphatase (DRESSA) bioassay.
18) It is a fast, sensitive and economical assay that can detect and quantify activation of AhR by dioxins and dioxin-like chemicals including PAH. [18] [19] [20] In this approach, a murine hepatoma cell line Hepa-1c1c7 was stably transfected with a secreted alkaline phosphatase (SEAP) gene under the control of the DRE consensus sequences. The established sensor cells secret SEAP following exposure to AhR agonists in a dose-dependent manner, 18) and DRESSA is advantageous for high-throughput screening of substances that affect function of AhR.
Using this approach, we here report that, among 13 mycelial extracts tested, AhR-dependent gene expression triggered by cigarette smoke that contains dioxins and various PAHs.
MATERIALS AND METHODS
Reagents Mycelial extracts [Phellinus linteus (PL-1, PL-2), Cordyceps militaris (CM), Lyophyllum decastes (LD), Macrolepita gracilenta (MGR), Naematoloma sublateritium (NS), Agaricus blazei (AB), Grifola frondosa (GF), Ganoderma lucidum (GL), Hericium erinaceum (HE), Inonotus obliquus (IOB), Lentinula edodes (LE), Pleurotus nebrodensis (PNE)] were prepared by IBI Co., Ltd. (Nirasaki, Yamanashi, Japan), as described previously. 21) In brief, 20 g of individual dried mycelia were suspended in 140 ml distilled water and boiled at 105°C for 60 min. After centrifugation at 15000 rpm for 5 min, the supernatants were filtrated using serial filters (5 mm→1 mm→0.45 mm→0.2 mm), freezedried, dissolved in sterile water (5 g/100 ml) and used for experiments. These materials were considered as undiluted, "100%" extracts. Benzo[a]pyrene (B[a]P) and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan), and 3-methylcholanthrene (3MC) was obtained from Sigma-Aldrich Japan (Tokyo, Japan). All chemicals were dissolved in dimethyl sulfoxide (DMSO).
Preparation of Cigarette Smoke Extract (CSE)
A Japanese cigarette brand (Seven Stars; tar content: 10 mg) was used to prepare CSE, as described before.
3) In brief, following the method of International Organization for Standardization, mainstream smoke was made using constant vacuum flow (10.5 l/min) and collected in a glass bottle (volume: 2 l) containing phosphate buffered saline (PBS). The smoke from one cigarette was dissolved in 100 ml PBS with vigorous shaking for 5 min, and CSE was prepared. This material was considered as undiluted, 100% CSE.
Cells The murine hepatoma cell line Hepa-1c1c7 was purchased from American Type Culture Collection (Manassas, VA, U.S.A.). The reporter clone HeXS34 was established by transfection of Hepa-1c1c7 cells with pXRE-SEAP that introduces a SEAP gene under the control of 2 copies of the xenobiotic responsive element consensus sequence, as described previously. 20) HeXS34 cells were cultured in a-minimum essential medium (a-MEM; Invitrogen, Carlsbad, CA, U.S.A.) supplemented with 5% fetal bovine serum (FBS).
Pharmacological Treatment HeXS34 cells were seeded in 96-well plates (1ϫ10 4 cells/well), pretreated with mycelial extracts at different concentrations for 30 min and then treated with ED 50 concentrations for TCDD (25 pM), 3) CSE (1%), 3) B[a]P (15 nM) 19) or 3MC (5 nM) 19) in the presence of mycelial extracts for 24 h. After the treatments, culture media and cells were subjected to; i) chemiluminescent assay to evaluate SEAP activity, and ii) formazan assay to assess the number of viable cells, respectively. a-MEM containing 1% FBS was generally used for experiments. In all experiments, concentration of DMSO was kept at less than 1%.
SEAP Assay Activity of SEAP in culture media was evaluated by a chemiluminescent method using Great EscAPe SEAP Detection Kit (BD Biosciences, Palo Alto, CA, U.S.A.). 18) In brief, 5 ml of culture medium was mixed with 15 ml of 1ϫ dilution buffer and incubated for 30 min at 65°C. After the incubation, samples were mixed with 20 ml of assay buffer containing L-homoarginine, left at room temperature for 5 min and then added with 20 ml of chemiluminescent enhancer containing 1.25 mM CSPD as a substrate. After incubation in dark for 30 min, the samples were subjected to analysis using a luminometer (Gene Light 55; Microtech Nition, Chiba, Japan).
Formazan Assay The number of viable cells was assessed by a formazan assay using Cell Counting Kit-8 (Dojindo Laboratory, Kumamoto, Japan), as described previously.
3) In brief, after collecting culture media for chemiluminescent assays, cells in 96-well plates were incubated at 37°C for 1.5 h in medium containing 10% Cell Counting Kit-8 assay solution. Absorbance (450 nm) of formazan generated from WST-8 was measured by Spectea Max 340 (Nihon Molecular Devices, Tokyo, Japan).
Northern Blot Analysis Total RNA was extracted by a single-step method, 22) and Northern blot analysis was performed as described before. 23) As probes, cDNAs for SEAP (BD Biosciences), AhR, 24) ARNT, 7) and AhRR 7) were radiolabeled and used for hybridization. Expression of glyceraldehyde-3-phosphate dehydrogenase was used as a loading control. Densitometric analysis was performed using Scion Image Software (Scion Corporation, Frederick, MD, U.S.A.).
Statistical Analysis Data are expressed as meansϮS.E., and statistical analysis was performed using the non-parametric Mann-Whitney U test to compare data in different groups. p valueϽ0.05 was considered to indicate a statistically significant difference. Assays were performed in quadruplicate.
RESULTS

Inhibition of Dioxin-Triggered AhR Activation by Mycelial Extracts
Using the DRESSA bioassay, 13 mycelial extracts were initially subjected to rough screening (duplicated study) for AhR inhibitory activity. The samples tested were PL-1, PL-2, CM, LD, MGR, NS, AB, GF, GL, HE, IOB, LE and PNE. The reporter cells HeXS34 cultured in 96-well plates were stimulated with individual extracts (1%) for 30 min and subsequently exposed to TCDD for 24 h. After the treatment, culture media were subjected to chemiluminescent assay to evaluate SEAP activity. By this initial screening, we selected 5 mycelial extracts that suppressed activation of AhR by more than 25%. Those include PL-1, PL-2, CM, LD and IOB (Fig. 1A) . Using these mycelial extracts, we further examined their inhibitory potential by quadruplicated studies. The result showed that PL-1, PL-2 and CM significantly suppressed activation AhR (Fig.  1B) . In contrast, effects of LD and IOB were not statistically significant. We further examined dose-dependent effects of PL-1, PL-2 and CM on the activation of AhR by TCDD. As shown in Fig. 1C , treatments with individual extracts inhibited TCDD-induced AhR activation in a dose-dependent manner (Fig. 1C) . Suppression of AhR activity was observed at concentrations Ն0.5-1%. To exclude a possibility that mycelial extracts directly affected activity of SEAP, recombinant SEAP was mixed with individual mycelial extracts (1%) and incubated at 37°C for 24 h. The result showed that none of PL-1, PL-2 or CM attenuated activity of SEAP (Fig. 1D) . Of note, PL-1 and PL-2 per se did not cause activation of AhR, whereas CM significantly induced AhR activation (5.4Ϯ0.4 fold vs. untreated control, pϽ0.05), indicating a possibility that CM is a partial agonist with modest antagonistic activity.
Inhibition of PAH-Triggered AhR Activation by Mycelial Extracts Using the same assay system described above, we next sought for mycelia that inhibit activation of AhR by B[a]P, a member of PAH. For this purpose, 13 mycelial extracts were tested, and we identified that only PL-1 and HE significantly inhibited activation of AhR. Suppression of AhR was observed by PL-1 at concentration Ն1% and by HE only at 4% (Fig. 2A) . We also examined effects of 13 mycelial extracts on the activation of AhR by another PAH, 3MC, and found that only PL-1 inhibited activation of AhR in a dose-dependent manner (Fig. 2B) . Like PL-1, PL-2 modestly attenuated AhR activation by the PAHs, but the repression was not statistically significant (data not shown). These data, together with the results shown in Figs. 1B and 1C, suggested that PL-1 has the unique potential to inhibit activation of AhR by distinct agonists including dioxin and PAHs.
Inhibition of AhR-Dependent Gene Expression by PL-1 In SEAP-based reporter assays, activity of extracellular SEAP may be downregulated by endoplasmic reticulum (ER) stress. 25) We therefore confirmed our conclusion using Northern blot analysis. Reporter cells were exposed to TCDD, B[a]P or 3MC in the absence or presence of PL-1, and expression of SEAP mRNA was evaluated. Consistent with the result shown in Figs. 1 and 2 , PL-1 substantially suppressed SEAP mRNA induced by any of the AhR agonists. Densitometric analysis showed that PL-1 inhibited the level of SEAP mRNA significantly to 27.0Ϯ8.5%, 48.8Ϯ13.3% and 56.1Ϯ8.5% vs. PL-1 (Ϫ) control (100%) in TCDD-, B[a]Pand 3MC-treated cells, respectively (meansϮS.E., pϽ0.05) (Fig. 3B) . Of note, expression of SEAP mRNA is not affected by ER stress, as we previously reported. 25) Effect of PL-1 on the Activation of AhR by CSE We recently reported that cigarette smoke contains high levels of agonists for AhR.
3) Activation of AhR may cause several pathologies associated with cigarette smoking, including carcinogenesis, inflammation, immune abnormalities and developmental defects. 16) We tested whether PL-1 has the potential to suppress activation of AhR by cigarette smoke. For this purpose, reporter cells were pretreated with PL-1 and stimulated by CSE. Chemiluminescent assay revealed that substantial, dose-dependent suppression of AhR activation was observed by the treatment of with PL-1 (Fig. 4A ). This inhibitory effect was associated with attenuated induction of SEAP mRNA (Fig. 4B) . Quantitative analysis revealed that PL-1 inhibited CSE-triggered induction of SEAP mRNA to 44.2Ϯ5.9% vs. PL-1 (Ϫ) control (100%) (Fig. 4C) .
Effects of PL-1 on the Expression of Components Involved in the AhR Signaling Pathway
The ligand-AhR complex translocates into the nucleus, forms heterodimers with ARNT and binds to DRE, leading to transcriptional induction of target genes. 6) AhRR is one of the targets for AhR/ARNT, and AhRR induced by AhR/ARNT consequently represses the expression of AhR. 7) To investigate molecular mechanisms involved in the suppressive effect of PL-1 on the AhR pathway, we examined expression levels of AhR, ARNT and AhRR in the cells treated with PL-1. Hepa1c1c7 cells were treated with serial concentrations of PL-1 for 8 h or 24 h and subjected to Northern blot analysis. As shown in Fig. 5A , substantial basal expression of AhR and ARNT was observed in Hepa-1c1c7 cells. The expression levels of these genes were not attenuated by the treatment with PL-1 at both 8 h and 24 h. In contrast, basal expression of AhRR was not detectable in Hepa-1c1c7 cells, and PL-1 did not induce expression of AhRR. Similar experiments were also performed using the cells stimulated by CSE. Even under the stimulation with CSE, PL-1 caused neither suppression of AhR and ARNT nor induction of AhRR (Fig. 5B) . These results suggested that the suppression of the AhR signaling pathway by PL-1 was independent of down-regulation of AhR/ARNT and up-regulation of AhRR.
DISCUSSION
Natural products such as fruits and vegetables contain active entities that affect activity of AhR. The best example is resveratrol (3,5,4Ј-trihydroxystilbene), a natural polyphenolic phytoalexin contained abundantly in grapes and red wine. Using reporter assays, previous investigation showed that resveratrol was an antagonist against dioxin-triggered activation of AhR. 26) Vegetable constituents also have the potential for modulating AhR activity [27] [28] [29] [30] ; some may act as AhR agonists, and others function as antagonists. We recently found that herbal medicine Formula bupleuri minor significantly inhibited activation of AhR by TCDD and that Glycyrrhizae Radix and Scutellariae Radix were responsible for the antagonistic effect. 31) However, to date, there have been no reports showing the regulatory potential of mycelia on the function of AhR.
Mycelial extracts have activities to modulate various cell functions. In particular, a number of previous reports demonstrated that Phellinus linteus is a potent modulator of immune function, exerting anti-tumor and anti-inflammatory activities. 32, 33) For example, polysaccharides isolated from Phellinus linteus stimulate specific immune functions of T lymphocytes and nonspecific immune functions mediated by natural killer cells and macrophages in vivo and in vitro. 32) Polysaccharides from Phellinus linteus also stimulate humoral immune responses and act as a polyclonal activator on B cells. 32) In vivo administration with Phellinus linteus leads to inhibition of tumor growth and metastasis.
33) The antitumor activity of Phellinus linteus may also be ascribed to its anti-angiogenic and anti-oxidant effects. 34, 35) Mitogen-activated protein kinases, protein kinase C, tyrosine kinases and nuclear factor-kB are its potential targets. [36] [37] [38] [39] Other reports also showed therapeutic effects of Phellinus linteus on collagen-induced arthritis, endotoxin shock, diabetes, allergy and gastric ulcer. [40] [41] [42] [43] [44] [45] However, its effects on the AhR pathway have never been reported. The present investigation is the first to demonstrate the unique, inhibitory potential of Phellinus linteus on the activation of AhR. Of note, activation of AhR is closely related to carcinogenesis, inflammation and immune abnormalities. 1, 2) The anti-carcinogenic, anti-inflammatory and anti-immunomodulatory effects of Phellinus linteus documented previously could be ascribed, at least in part, to the potential of this mycelium to attenuate AhR activation.
One interesting finding in this report is that only Phellinus linteus inhibited activation of AhR by dioxin, PAHs and cigarette smoke. Some other mycelial extracts including Cordyceps militaris modestly inhibited TCDD-induced activation of AhR, whereas it was not effective on B[a]P-induced AhR activation. In contrast, Hericium erinaceum modestly inhibited B[a]P-induced AhR activation but was not effective on the activation of AhR by TCDD. The reason for this discrepancy is currently unclear, but some possibilities may be postulated. One explanation is that AhR may interact with ligands at ligand-specific binding sites, and individual mycelial extracts might interfere with AhR-ligand interaction at different sites. The function of AhR is known to be regulated not only by exogenous ligands but also by endogenous ligands and other factors including co-activators, co-repressors, hormones, cytokines and growth factors. 46) Another possible explanation is, therefore, that individual mycelial extracts and ligands might affect levels of those endogenous factors in distinct fashions, and different combination of mycelial extracts and exogenous ligands may differently regulate activity of AhR. We therefore cannot exclude a possibility that mycelial extracts inhibit activation of AhR via mechanisms other than AhR antagonism.
We recently reported that cigarette smoke contains high levels of agonists for AhR by using the DRESSA bioassay. 3) Using transgenic reporter mice, we also provided in vivo evidence that exposure of mice to cigarette smoke resulted in significant, sustained activation of AhR. 3, 4) Cigarette smoke causes a variety of pathologies including cancers, obstructive pulmonary diseases, cardiovascular/cerebrovascular diseases, and developmental/reproductive abnormalities. 47) Many of these pathologies are also caused by dioxins and dioxin-like chemicals. 2, 15) The fact that cigarette smoke exhibits high levels of the dioxin-like potential for AhR activation suggests a possibility that the health problems known in smokers are, at least in part, due to the potential of cigarette smoke to activate the AhR-DRE pathway. 16 ) Based on this current hypothesis, Phellinus linteus and its active entities might be useful for prevention of pathologies associated with aberrant activation of AhR, including smoking-associated diseases.
